With the intriguing properties of diffraction-free, self-accelerating, and self-healing, Airy plasmons are promising to be used in the trapping, transporting, and sorting of micro-objects, imaging, and chip scale signal processing. However, the high dissipative loss and the lack of dynamical steerability restrict the implementation of Airy plasmons in these applications. Here we reveal the hybrid Airy plasmons for the first time by taking a hybrid graphene-based plasmonic waveguide in the terahertz (THz) domain as an example. Due to the coupling between an optical mode and a plasmonic mode, the hybrid Airy plasmons can have large propagation lengths and effective transverse deflections, where the transverse waveguide confinements are governed by the hybrid modes with moderate quality factors. Meanwhile, the propagation trajectories of hybrid Airy plasmons are dynamically steerable by changing the chemical potential of graphene. These hybrid Airy plasmons may promote the further discovery of non-diffracting beams with the emerging developments of optical tweezers and tractor beams.
I. INTRODUCTION
With the analogies between Schrödinger equation and paraxial wave equation, the concept of Airy beams is extended from quantum mechanics to optics to describe a kind of non-diffracting beams [1] [2] [3] , where the field amplitude is truncated to ensure the containment of finite energy [4] and to enable the experimental realization [5] . Due to the intriguing properties of diffraction-free, self-accelerating [2] , self-healing [6] , and abruptly autofocusing [7, 8] , Airy beams are promising in a serials of applications, including the trapping, transporting, and sorting of micro-objects [9] [10] [11] , imaging [12] , and chip scale signal processing [13, 14] . Besides, the concept of Airy beams has been extended into various fields of physics, such as temporal pulses [15] [16] [17] , spin waves [18] , water waves [19] , and matter waves [20, 21] .
Considering potential applications in flatland devices, one-dimensional Airy beams propagating on metal-dielectric or graphene-dielectric interfaces in the form of surface plasmon polaritons with subwavelength transverse waveguide confinements were theoretically proposed [22, 23] and experimentally realized [24, 25] . However, the propagation lengths of Airy plasmons are usually short owing to the strong Ohmic losses in metal and graphene, which brings a challenge to the observation and implementation of Airy plasmons experimentally in the framework of paraxial wave equation [26] . Meanwhile, the traditional methods to steer beam propagation trajectories such as tuning the excitation source [27] and creating linear optical potentials [28, 29] are either cumbersome or non-real time, although the dynamical steerability is essential in optical micromanipulation and signal processing. Thus, searching for a better platform to realize the low-loss and dynamically steerable Airy plasmons is highly imperative [30] .
In this paper, inspired by the hybrid plasmonic waveguides where both subwavelength confinement and long range propagation are fulfilled [31, 32] , we reveal the hybrid Airy plasmons for the first time by taking a hybrid graphenebased plasmonic waveguide in the THz domain as an example. Due to the coupling between an optical mode and a plasmonic mode, the hybrid Airy plasmons can have large propagation lengths and effective transverse deflections, where the transverse waveguide confinements are governed by the hybrid modes with moderate quality factors. Meanwhile, since the chemical potential of graphene can be tuned by applying a gate voltage, the propagation trajectories of hybrid Airy plasmons are dynamically steerable.
II. RESULTS AND DISCUSSION

A. Model equation
For the quasi-TM Airy plasmons propagating in a planar plasmonic waveguide, the governing paraxial wave equation for the amplitude ψ is
where ψ is related with the magnetic field H y , s = y/y 0 is the dimensionless coordinate in the transverse direction that is parallel to the interfaces, ξ = z/2βy 2 0 is the dimensionless complex propagation distance, β = β r + iβ i is the propagation constant of the waveguide mode distributed in x direction with β r ≡ Re (β) and β i ≡ Im (β), and y 0 is an arbitrary transverse scale. The solution of Airy plasmons with finite energy at the input of ψ (s, 0) = Ai (s) exp (as) is
where a is a positive decay factor to truncate the amplitude at the negative infinity, and the width of main lobe of Airy plasmons is approximated by 2y 0 [22] . According to the integral representation of Airy function [33] , Eq. (2) can also be built using plane waves
where
is the Fourier spectrum in k-space, the cubic phase term exp ik . To insure the validity of the quasi-TM condition, the wavevector components must satisfy |k y | β r , |δβ r | β r , |δβ i | β i , and the paraxial approximation ∂ 2 ψ/∂z 2 |2iβ∂ψ/∂z|. Given the Gaussian spectrum of Airy plasmons in Eq. (4), the four conditions reduce to √ aβ r y 0 1.
Besides, according to Eq. (2), the parabolic self-deflection experienced by Airy plasmons during propagation can be estimated as
Taking L a = 1/2β i as the analytically estimated propagation length of Airy plasmons [22] , the transverse displacement at the propagation length can be calculated analytically as
From Eq. (2), the decay factor a imposes an attenuation to the propagation of Airy plasmons, and ξ i introduces extra exponential terms. These induce errors to the analytical results L a and ∆y a . Thus we also need to calculate the propagation length and transverse displacement numerically, and compare them with the analytical results. For simplicity, the numerical propagation length L n is defined as the distance where the power P =
decreases to e −1 P 0 along the propagation direction, where
|H y (x, y, z = 0)| 2 dy is the input power at z = 0. Accordingly, the numerical transverse displacement ∆y n can be defined as the displacement of the maximum field intensity from z = 0 to the propagation length. Since the solution of Airy plasmons is assumed to be a perturbation FIG. 1: (Color Online) (a) Schematic of the hybrid graphene-based planar plasmonic waveguide, where z is the propagation direction, x is perpendicular to the interfaces, the thickness of GaAs is t1 = 20 µm, the thickness of the left PTFE is t2 = 10 µm, and the permittivities for air, GaAs, and PTFE are ε1 = 1, ε2 = 13.06 + 0.01i, and ε3 = 2.08 + 0.01i, respectively. The parameters for the trilayer graphene are µ = 10 000 cm 2 /(V · s), T = 300 K, and µc = 0.3 eV. (b)-(d) The real and imaginary parts of the propagation constants, and the quality factors of the hybrid modes versus frequency, respectively, where the solid red curves denote the fundamental hybrid mode (FHM) and the solid blue curves denote the higher order hybrid mode (HOHM). For comparison, the corresponding curves for the optical mode (OM) supported by air-GaAs-PTFE and plasmonic mode (PM) supported by PTFE-graphene-PTFE are also plotted in dashed red and blue, respectively.
of the waveguide mode, our model is valid if the analytical propagation length L a and transverse displacement ∆y a are approximately equal to the numerical propagation length L n and transverse displacement ∆y n , respectively.
To realize one-dimensional Airy plasmons in a planar plasmonic waveguide, Eq. (5) must be fulfilled. Since the decay factor a is usually small to avoid excessively changing the non-diffracting behavior of Airy plasmons, the real part of propagation constant β r and the transverse scale y 0 must be large enough. However, from Eq. (7) the decrease of the transverse displacement ∆y a would be a challenge for the detection and measurement of Airy plasmons experimentally. A contradiction exists between the validity of Eq. (5) and a large enough transverse displacement. To solve this problem, plasmonic waveguides with high quality factors defined as Q = β r /β i [34] should be used.
B. Hybrid modes
Plasmonic waveguides based on nobel metals usually have low quality factors due to the strong Ohmic losses in metals. Even for graphene-based plasmonic waveguides, graphene plasmons also suffer from high dissipative loss [35, 36] , although the surface conductivity of graphene is almost purely imaginary in the THz domain [37] . In contrary, dielectric optical waveguides have high quality factors since the dielectric loss is low. If the optical mode in a dielectric optical waveguide and the plasmonic mode in a plasmonic waveguide are coupled, hybrid modes with moderate quality factors may exist.
Inspired by the hybrid plasmonic waveguides where both subwavelength confinement and long range propagation are fulfilled [31, 32] , and the flourishing developments of THz science and technology [38] , we propose a planar hybrid graphene-based plasmonic waveguide in the THz domain as an example. The structure is shown in Fig.  1(a) , where z is the propagation direction, x is perpendicular to the interfaces, the thicknesses of GaAs and the left polytetrafluoroethylene (PTFE) are t 1 = 20 µm and t 2 = 10 µm, respectively. The thickness of the right PTFE can be treated as infinite as long as it is large enough compared with the skin depth of the waveguide mode. The permittivities for air, GaAs, and PTFE are ε 1 = 1, ε 2 = 13.06 + 0.01i [39] , and ε 3 = 2.08 + 0.01i [40] , respectively. GaAs and PTFE are widely used in THz waveguides and their permittivities are both assumed to be constants since their chromatic dispersions are small in the THz domain. The surface conductivity of trilayer graphene is σ = 3σ g [41] [42] [43] , where σ g is the surface conductivity of monolayer graphene calculated by Kubo formula with µ = 10 000 cm 2 /(V · s), T = 300 K, and µ c = 0.3 eV [44, 45] . Here, a trilayer graphene is used because it supports plasmonic modes with higher quality factors compared with those supported by the monolayer graphene [32, 46] . The hybrid modes supported by the hybrid plasmonic waveguide can be explained using the coupled mode theory (CMT). In CMT, the mode of an entire waveguide array is treated as a coupling between modes from single isolated waveguide channels [47] . Following a similar procedure, the hybrid plasmonic waveguide shown in Fig. 1(a) can be divided into two isolated waveguide channels (a dielectric optical waveguide and a plasmonic waveguide) by increasing the thickness of middle PTFE to infinity, where the dielectric optical waveguide is composed by air-GaAs-PTFE, and the plasmonic waveguide is composed by PTFE-graphene-PTFE. Since the two channels are isolated from each other, the thicknesses of all PTFE layers in the two channels are infinite. For the dielectric optical waveguide, GaAs is used as a high refractive index material and a single TM optical mode (OM) is supported in the waveguide, where the dispersion relation and quality factor are shown by the dashed red lines in Fig. 1(b) -(c) and (d), respectively. Since the dielectric losses are low, the imaginary part of the propagation constant is small, and the optical mode has a high quality factor over the chosen frequency range. While for the plasmonic waveguide, PTFE is used both as the substrate and superstrate of the trilayer graphene and a TM plasmonic mode (PM) is supported, where the dispersion relation and quality factor are shown by the dashed blue lines. The plasmonic mode has a low quality factor due to the high Ohmic loss in graphene. For the hybrid plasmonic waveguide, the optical mode with a high quality factor and the plasmonic mode with a low quality factor can be coupled in phase and out of phase, leading to a fundamental mode and a higher order mode, respectively. As shown by the solid red lines, the fundamental hybrid mode (FHM) has the largest β r and the corresponding quality factor is high at higher frequencies with the decrease of β i , while the higher order hybrid mode (HOHM) has the smallest β r and the corresponding quality factor is high at lower frequencies with the decrease of β i , as shown by the solid blue lines. Fig. 2 shows the propagation constants and corresponding field distributions of the modes before and after coupling at f = 1.75 THz. Before coupling, the plasmonic waveguide supports an anti-symmetric TM plasmonic mode with β = 1.82, and the dielectric optical waveguide supports an asymmetric TM optical mode with β = 1.63, where the quality factors are Q = 445.4 and Q = 8.1, respectively. At this frequency, the propagation constant of plasmonic mode is larger than that of the optical mode. After coupling, the fundamental mode has a quality factor of Q = 12.5 with β = 2.30, where the optical mode and the plasmonic mode are coupled in phase. While the higher order mode has a quality factor of Q = 61.4 with β = 1.50, where the optical mode and the plasmonic mode are coupled out of phase. This indicates that the higher order mode is little perturbed by the trilayer graphene compared with the fundamental mode, and it has a higher quality factor which is favourable for the implementation of Airy plasmons.
In contrast, Fig. 3 shows the propagation constants and corresponding field distributions of the modes before and after coupling at f = 2.50 THz. Before coupling, the plasmonic mode has a quality factor of Q = 8.0 with β = 2.17, and the optical mode has a quality factor of Q = 907.2 with β = 2.40. At this frequency, the propagation constant of plasmonic mode is smaller than that of the optical mode. After coupling, the fundamental mode has a quality factor of Q = 26.8 with β = 2.57, and the higher order mode has a quality factor of Q = 12.0 with β = 2.08. In contrast to the hybrid modes at f = 1.75 THz, the fundamental mode at f = 2.50 THz has a higher quality factor compared with the higher order mode.
Clearly, the coupling between the optical mode and the plasmonic mode leads to the hybrid modes with moderate 
FIG. 4: (Color Online) (a)
The distributions of |Hy| 2 for hybrid Airy plasmons on two y-z cut planes with x = −t1/2 and x = t2, and on three x-y cut planes along the propagation direction with z = 0 µm, z = 500 µm, and z = 1000 µm, respectively. The distributions at the y-z plane with x = t2 and the x-y plane with z = 0 are also shown in (b) and (c), respectively. The parameters for (a)-(c) are a = 0.1, f = 1.75 THz, y0 = 100 µm, and µc = 0.3 eV. quality factors. For 1D Airy plasmons, if the waveguide mode distribution in x direction is chosen as the hybrid mode with a higher quality factor, we can get a large enough transverse displacement under the fulfillment of Eq. (5). 
C. Hybrid Airy plasmons
For Airy plasmons in a hybrid plasmonic waveguide, if their transverse waveguide confinements are governed by the hybrid modes, these Airy plasmons can be called as hybrid Airy plasmons. In contrast to the Airy beams where the transverse waveguide confinements are governed by the optical modes [48] or plasmonic modes [22] , hybrid Airy plasmons are formed due to the coupling between an optical mode and a plasmonic mode.
Without loss of generality, we consider hybrid Airy plasmons where the transverse waveguide confinements are governed by the higher order hybrid mode at f = 1.75 THz, since it has the highest quality factor within our parameter range. For simplicity, Fig. 4 shows the distributions of |H y | 2 at different cut planes, where the scales of x, y, z axis are different, and the parameters are a = 0.1, y 0 = 100 µm, and µ c = 0.3 eV. Note that Eq. (5) is valid under the above parameters. The distribution at the y-z plane exhibits the diffraction-free and self-deflection behaviors of Airy plasmons, and the distribution at the x-y plane is governed by the higher order hybrid mode in the hybrid plasmonic waveguide, where the width of the main lobe of hybrid Airy plasmons is much larger than its height. It is worth to note that, although the values of |H y | 2 at two y-z planes are nearly equal, the graphene-based plasmonic waveguide channel carries more energy if we use the standard definition of energy flux density S z = 1 2 Re E x H * y . As shown in Fig. 4(b) , due to the high quality factor of the hybrid mode, the energy attenuation experienced by Airy plasmons is relatively small and the propagation length is comparably large, although the dissipative loss exists both in dielectric media and in trilayer graphene. Under the chosen parameters, the propagation length is L n = 537.5 µm (L a = 558.9 µm), and the corresponding transverse displacement at the propagation length is ∆y n = 24.0 µm (∆y a = 26.0 µm), where the analytical results are nearly equal to the numerical results. The large transverse displacement is favourable for the detection and measurement of Airy plasmons experimentally. It is worth to note that, if the transverse waveguide confinement of Airy plasmons is governed by the plasmonic mode shown in Fig.  2 with a = 0.1 and y 0 = 100 µm, the propagation length is L n = 0.6 µm (L a = 0.6 µm) and the corresponding transverse displacement at the propagation length is ∆y n = 1.0 µm (∆y a = 0.2 µm). Our hybrid Airy plasmons show a better performance due to the moderate quality factor of the hybrid mode.
For the effective trapping, transporting, and sorting of micro-objects, Airy plasmons with dynamically steerable trajectories are required. Since the self-deflection behavior is related with the propagation constant of the hybrid mode, we can tune the chemical potential of trilayer graphene dynamically by applying a gate voltage [37] . As shown in Fig. 5 (a)-(c) , for the higher order hybrid mode (HOHM), both the propagation constant and quality factor change effectively if the chemical potential is tuned from 0.2 eV to 0.4 eV (the curves for the fundamental hybrid mode are omitted), where the parameters are a = 0.1, f = 1.75 THz, and y 0 = 100 µm to insure the validity of Eq. (5). Clearly, when the chemical potential is large, the imaginary part of the propagation constant β i is small and the corresponding propagation length is large. The increases of the propagation length and quality factor lead to a larger transverse displacement of Airy plasmons, as shown by the distributions of |H y | 2 at the y-z plane with x = t 2 for µ c = 0.2 eV, µ c = 0.3 eV, and µ c = 0.4 eV in Fig. 5 (a)-(c) , respectively. Thus the transverse displacement is dynamically steerable by changing the chemical potential of graphene (See Supporting Information).
To quantitatively show the steerable trajectories by tuning the chemical potential of trilayer graphene, we plot the numerical propagation lengths L n and transverse displacements ∆y n for µ c = 0.2 eV, µ c = 0.3 eV, and µ c = 0.4 eV as well as the analytical counterparts in Fig. 6 . The consistency between the analytical and numerical results not only confirms the validity of the paraxial approximation which insures the non-diffracting behavior of Airy plasmons, but also demonstrates the feasibility of dynamically steerable trajectories of hybrid Airy plasmons.
Finally, we would like to note that, our hybrid Airy plasmons can be realized experimentally by considering both the waveguide fabrication and Airy plasmons excitation. For the waveguide fabrication, all the materials including GaAs, PTFE, and graphene are widely used in THz waveguides. Graphene can be grown well by a CVD reaction between CH 4 and H 2 on copper substrate, which can be etched away using acid solution. The suspended graphene can subsequently be transferred to arbitrary substrate. Recently, we have designed a graphene/GaAs van der Waals heterostructure solar cell [49] and studied the electric power generation from a single moving droplet on graphene/PTFE [50] . The wet transfer technique that used in the two experiments can be directly applied to fabricate the hybrid graphenebased plasmonic waveguide. While for the Airy plasmons excitation, it includes two steps: the generation of surface plasmon polaritons (SPPs) and the generation of Airy plasmons. The two steps can be accomplished simultaneously by a delicately designed grating [24, 29] . Alternatively, a laser beam can be coupled into SPPs by grating, and Airy plasmons can be generated by a nonperiodically arranged nanocave array [25] .
III. CONCLUSION
In conclusion, we reveal the hybrid Airy plasmons for the first time by taking a hybrid graphene-based plasmonic waveguide in the THz domain as an example. Due to the moderate quality factors of the hybrid modes, hybrid Airy plasmons where the transverse waveguide confinements are governed by the hybrid modes can have large propagation lengths and effective transverse deflections, and they are promising to solve the long standing problems for the experimental observation and implementation of Airy plasmons. Meanwhile, the propagation trajectories of hybrid Airy plasmons are dynamically steerable by changing the chemical potential of trilayer graphene. This interesting finding may lead to the flexible optical micromanipulation in flatland plasmonic devices and chip scale signal processing, and the hybrid Airy plasmons may promote the further discovery of non-diffracting beams with the emerging developments of optical tweezers and tractor beams.
IV. METHODS
A. Paraxial Wave Equation
Airy beams propagating in a planar waveguide can be described by the 1D paraxial wave equation which is similar with the Schrödinger equation in quantum mechanics. For simplicity, we assume that Airy beams are perturbations of the waveguide modes, and they behave as quasi-TM or quasi-TE modes approximately. The Helmholtz equation is
where ε (x) is the distribution of relative permittivity, Φ = H y (x, y, z) for the quasi-TM Airy beams, and Φ = E y (x, y, z) for the quasi-TE Airy beams. The scalar field Φ (x, y, z) can be expressed as a functional dependence of the form [48] Φ (x, y, z) = ψ (y, z) Φ 0 (x) exp (iβz) ,
where the dimensionless scalar function ψ (y, z) is dependent on both the transverse direction y and the propagation direction z, the scalar function Φ 0 (x) is only dependent on the transverse direction x, and β is a parameter that is related to the z component of the wavevector. Substituting Eq. (9) into Eq. (8), multiplying the result by Φ * 0 (x), and integrating over x direction yields a scalar wave equation
0 (x) dx, and the term ∂ 2 ψ/∂z 2 is neglected by employing the paraxial approximation [22, 51] . Note the functional dependence between ψ and x is neglected for step index waveguides or graded index waveguides with ∇ε ≈ 0. For the slowly varying amplitude, the scalar function is expressed as 
where s = y/y 0 is the dimensionless transverse coordinate, ξ = z/2βy 2 0 is the dimensionless complex propagation distance, and y 0 is an arbitrary transverse scale.
B. Dispersion relation for hybrid modes
Dispersion relation for hybrid modes in the hybrid graphene-based planar plasmonic waveguide can be calculated by standard waveguide theory [47] , where the field components in each region are derived from Helmholtz equation, and the propagation constant is determined by imposing appropriate boundary conditions. For the structure shown in Fig. 1 , the magnetic field distribution can be written as follows
iβz + C cos (k 2 x) e iβz , −t 1 < x ≤ 0, De k3x e iβz + Ee −k3x e iβz , 0 < x ≤ t 2 , F e −k3x e iβz , x > t 2 ,
where k 1 = β 2 − k 2 0 ε 1 , k 2 = k 2 0 ε 2 − β 2 , k 3 = β 2 − k 2 0 ε 3 , k 0 = 2πf /c is the wavenumber in free space, f is the frequency, and ε 1 , ε 2 , and ε 3 are relative permittivities of air, GaAs, and PTFE, respectively. Considering the boundary conditions, the dispersion relation is
where α ± = (1 + iσk 3 /ωε 0 ε 3 ) (k 3 /ε 3 ) ± (k 3 /ε 3 ), β ± = (k 1 /ε 1 ) (k 3 /ε 3 ) ± (k 2 /ε 2 ) 2 , γ ± = (k 2 /ε 2 ) [(k 1 /ε 1 ) ± (k 3 /ε 3 )], and σ is the surface conductivity of trilayer graphene.
The hybrid modes are formed by the coupling between the optical modes in dielectric waveguide and the plasmonic modes in graphene-based plasmonic waveguide. The dispersion relation for the optical modes in dielectric waveguide is tan (k 2 t 1 ) = − γ + β − ,
which can be obtained by setting σ = 0 in Eq. (13) . While for the plasmonic modes in graphene-based plasmonic waveguide [37] , the dispersion relation is
where η 0 = µ 0 /ε 0 is the wave impendence in free space. The surface conductivity of monolayer graphene can be calculated by Kubo formula σ g (ω, µ c , Γ, T ) = σ intra + σ inter , where
µ c k B T + 2 ln e −µc/k B T + 1 (16) is due to intraband contribution,
is due to interband contribution [44, 45] , and the nonlocal effects are neglected [52] . In the above formula, −e is the charge of an electron, = h/2π is the reduced Plank's constant, T is the temperature, µ c is the chemical potential, τ = µµ c /ev 2 F is the carrier relaxation time, µ is the carrier mobility which ranges from 1 000 cm 2 /(V · s) to 230 000 cm 2 /(V · s) [53] , v F = c/300 is the Fermi velocity, f d (ε) = 1/ e (ε−µc)/k B T + 1 is the Fermi-Dirac distribution, and k B is the Boltzmann's constant. In this paper, we use a moderate mobility of µ = 10 000 cm 2 /(V · s), T = 300 K, and the chemical potential µ c is tuned from 0.2 eV to 0.4 eV.
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